Levels of energy metabolites were measured in forebrain regions in fasted rats subjected to 4-h recir culation after 1 h of either incomplete or complete ische mia. Both models of ischemia were produced by a pro cedure combining bilateral common carotid artery occlu sion, systemic hypotension, and CSF pressure clevation; the degree of intracranial hypertension was varied to pro duce incomplete and complete ischemia. Levels of brain lactate at the end of ischemia ranged from 16 to 19 mmoll kg in incomplete ischemia and from 11 to 13 mmollkg in complete ischemia. Energy metabolism recovered evenly in the neocortical and subcortical regions with recircu lation after incomplete ischemia. The metabolic recovery in the cerebral cortex after complete ischemia was similar to that observed after incomplete ischemia; however, re-(1984) Metabolic stability of hippocampal slice preparations during prolonged incubation. J Neurochem 43: 689-696
Severe tissue lactic acidosis (i.e., lactate concen tration > 20 mmollkg) has been shown to worsen brain damage in cerebral ischemia. Evidence for this includes studies of the recovery of neurological function (Myers and Yamaguchi, 1977; Siemkowicz and Hansen, 1978) , recovery of CBP and brain en ergy metabolism (Ginsberg et aI., 1980; Welsh et aI., 1980) , and histopathology (Kalimo et aI. , 1981; Pulsinelli et aI., 1982) . The relative effects of com plete versus incomplete cerebral ischemia on the postischemic recovery of a variety of parameters have been the subject of several reports. Although it was generally assumed that complete ischemia is more harmful to the brain than incomplete ische-covery in the subcortical regions after complete ischemia was less extensive, NADH fluorescence remained high, and there was a fall in total creatine. Intracellular pH in the dorsal thalamus was more alkalotic after complete than incomplete ischemia. Thus, in the absence of pro found tissue lactic acidosis, residual CBF during pro longed ischemia helps postischemic restitution of brain energy metabolism in subcortical regions. The pattern of poor recovery in these regions after complete ischemia suggests inadequate reperfusion. The decreased total cre atine and the severe tissue alkalosis may be biochemical markers of advanced tissue injury during reflow. Key Words: Energy metabolism-Ischemia-Lactic aci dosis-NADH fluorescence-Rat brain-Recircula tion.
mia, the experiments of Hossmann and co workers (1973, 1974) suggested the opposite. Be cause of potentially important clinical implications, this problem has been examined repeatedly with seemingly contradictory results. Worse recovery has been described after incomplete ischemia when ischemia lasted for �30 min (Hossmann and Klei hues, 1973; Hossmann and Zimmerman, 1974; Nordstrom and Siesjo, 1978; Nordstrom et aI., 1978a,b) , a time period associated with high brain lactate levels in fed animals. In contrast, incomplete ischemia of a shorter duration (�15 min), during which tissue lactate levels did not exceed 17 mmoll kg, yielded better recovery than complete ischemia (Marshall et aI., 1975a-c; Steen et aI., 1979) . Thus, Siesjo (1981 , 1984 suggests that the degree of tissue acidosis is crucial in determining the outcome of cerebral ischemia, complete and incomplete. In deed, it was further shown that excessive lactate accumulation in the ischemic brain precludes brain recovery regardless of the presence or absence of residual CBF during ischemia (Rehncrona et aI., 1981) . It is not known, however, whether residual CBF during prolonged ischemia influences post ischemic events when tissue lactate production is limited. It is possible that prolonged incomplete ischemia allows sluggishly moving blood elements to aggregate within vessels and thereby impede re circulation, whereas bloodless complete ischemia may reduce the risk of postischemic circulatory dis turbances (Hossmann and Kleihues, 1973) . Fur thermore, a miniscule continuous supply of oxygen may cause oxidative damage during ischemia (De mopoulos et al., 1977) .
Postischemic intracellular alkalosis has long been suspected, based on the overshoot of phosphocre atine (PCr) and PCr/creatine ratios during recircu lation (Ljunggren et aI., 1974b,c; Kobayashi et aI., 1977; Levy and Duffy, 1977; Nordstrom et aI., 1978a,b) . Its occurrence was recently demonstrated by various methods (Kogure et aI., 1980; Mabe et aI., 1983) . It is not yet clear whether an alkaline shift denotes a transient overcompensation from ischemic tissue acidosis, or whether it indicates an ongoing pathological process that results from the complex insult induced by ischemia followed by re circulation.
To address these questions, we assessed the short-term recovery of regional brain energy me tabolism and tissue pH following I h of incomplete and complete forebrain ischemia in fasted rats.
METHODS
Experiments were performed on anesthetized, immo bilized, and mechanically ventilated rats that had been deprived of food but not water for 16-18 h prior to use. Both incomplete and complete ischemia were produced by a procedure combining bilateral common carotid ar tery occlusion, halothane-induced systemic hypotension, and elevation of CSF pressure; the degree of intracranial hypertension was varied to produce the two types of isch emia. Following 1 h of ischemia, cerebral circulation was reinstituted for up to 4 h. Energy metabolism, NAD+ / NADH redox state, and pH were evaluated regionally in forebrain structures. The data were analyzed to assess the effects of complete versus incomplete ischemia in cor responding regions as well as interregional differences within each type of ischemia.
Animal preparation
Male Wistar rats, weighing between 290 and 370 g, were anesthetized with diethyl ether, paralyzed with an intraperitoneal injection of d-tubocurarine chloride (5 mg/ kg), and ventilated with a Harvard rodent respirator that delivered a mixture of 1 % halothane in 70% nitrous oxide (N20) and the balance of oxygen (02) during surgery. The right femoral artery and femoral vein were cannulated for continuous blood pressure monitoring, periodic arterial blood sampling, and infusions. Both common carotid ar teries were isolated and encircled with lengths of PE-IO polyethylene tubing that was then passed through double lumen Silastic tubes. Next, the animals were turned to the prone position and the head secured in a head holder.
The scalp and periosteum were incised over the cal varium to accommodate a plastic funnel for later in situ freezing of the brain. The atlanto-occipital membrane was exposed in the midline. A double-barrel needle consisting of two 27-gauge needles was inserted into the cisterna magna and secured with glue to the adjacent muscles. One barrel was used to monitor cisternal CSF pressure; the other was connected to a Harvard infusion pump to deliver mock CSF. Mock CSF was prepared as described by Ljunggren et al. (1974a) . It was preequilibrated with 5% carbon dioxide and kept at 37° C. After completion of the surgical preparations, halothane was discontinued, and at least 45 min was allowed to elapse. During this period, ventilation was adjusted to maintain Pao2 above 100 mm Hg and Paco2 between 35 and 45 mm Hg. Rectal temperature was kept close to 3r C by intermittent ap plication of a heating lamp.
Pao2, Paco2, and pH were measured on a Radiometer Eschweiler multielectrode system. Plasma glucose con centration was determined using a Beckman glucose an alyzer.
Induction of ischemia and recirculation
Systemic hypotension was induced by introducing 5% halothane into the respiratory gas mixture (70% N20 and 30% 02)' When MABP declined to 65 mm Hg, the common carotid arteries were occluded bilaterally by tightening the ligatures, and intracisternal infusion of mock CSF was begun. MABP was maintained between 50 and 60 mm Hg during the ischemic period (see below).
To produce incomplete ischemia, CSF pressure was raised to 10-J 5 mm Hg. To produce complete ischemia, CSF pressure was increased to 90-l30 mm Hg, i.e., above systolic arterial blood pressure. Since it took sev eral minutes from the initiation of halothane inhalation for MABP and CSF pressure to become stabilized within the predefined ranges, a 7-min point was taken to be the zero time for the ischemic period.
The concentration of halothane was gradually de creased to below 2.5% during ischemia. Paco, was main tained between 35 and 45 mm Hg by decreasing tidal volume. Pao2 was maintained above 100 mm Hg by in creasing the percentage O2 in the inspired gas mixture as needed. In pilot experiments, hematocrit (Hct) was found to decline in rats with complete ischemia but not with incomplete ischemia. The decline of Hct during complete ischemia was thought to be due to absorption of the mock CSF, which was infused intracisternally under the high pressure, by the systemic circulation. To ensure equal Hct values in the two types of ischemia, 13 ml of mock CSF was infused intravenously at a constant rate to an imals undergoing incomplete ischemia in the present study.
Cerebral circulation was reinstituted by releasing the carotid occlusion and by discontinuing both the cisternal CSF infusion and halothane inhalation. Respiratory ad justments were made as needed during recirculation. At the conclusion of each experiment, the brain was frozen in situ by pouring liquid nitrogen into the plastic funnel while the animals continued to be ventilated (Ponten et aI., 1973) .
Control animals
Two groups of control animals were studied. The first group underwent sham operation (exposure of the carotid arteries, needle placement in the cisterna magna) and the brains were frozen at 60 min after the completion of sur gical preparation ("short" controls). The second group differed in that the animals received intracisternal CSF infusion to raise CSF pressure to 10-15 mm Hg, as well as intravenous infusion of mock CSF (13 ml over 1 h); this group of animals was maintained on a respirator for an additional 4 h before being killed ("long" controls).
Evaluation of NADH tissue fluorescence
NADH fluorescence in the frozen coronal blocks was surveyed at the levels of the caudate nucleus and thal amus by the method of Welsh and Rieder (1978) . No cor rection was made for the effect of brain blood volume or for the differential background fluorescence of gray and white matter. Brain blocks were then stored in liquid ni trogen until biochemical assay of tissue metabolites.
Assay of energy metabolites and glycolytic intermediates and related calculations
Punch biopsies, using an 18-gauge needle, were carried out from regions of medial and dorsolateral portions of parietal neocortex, dorsal hippocampus. dorsal thalamus, and caudate nucleus in each cerebral hemisphere in a refrigerated glove-box at -30°C (Busto and Ginsberg, 1985) . A tissue sample from each region weighed 4-6 mg. EXlraction was carried out according to the method of Folberg;ova et al. (1972) . ATP, ADP, AMP, PCr, glucose, lactate, and creatine were assayed by direct fluorometric techniques as described by Lowry and Passonneau (1972) . Glycogen was measured by the method of Pas sonneau and Lauderdale (1974) . The sum of adenine nu c1eotides [�Ad = (ATP) + (ADP) + (AMP)] and the total creatine [(P Cr) + (creatine)] were calculated. The ade nylate energy charge (EC) was calculated as defined by Atkinson (1968) . Intracellular pH was estimated from the creatine kinase equilibrium (Rose, 1968) :
where K' was calculated to be 1.41 x 108 from the data of MacMillan and Siesj6 (1972) . The equilibrium constant (K) for the adenylate kinase reaction was calculated as (ATP)(AMP)
In each animal, mean regional values for each metabolite were calculated from the values obtained from corre sponding sites of the right and left cerebral hemispheres.
Statistical analysis
Data from control animals were analyzed by a one-way analysis of variance to assess regional differences. Data from animals with I-h ischemia were analyzed by a two way analysis of variance followed by Dunn's multiple comparison procedure (Kirk, 1982) in order to (a) com pare the effect to incomplete versus complete ischemia within corresponding regions of brain and (b) assess re gional differences with each type of ischemia. The same methods were used to analyze data from animals with l and 4-h recirculation following ischemia. A separate one way analysis of variance followed by Dunn's test was 1985 performed in each region of each type of ischemia with the experimental condition as a grouping factor (control, ischemia, and 1-and 4-h recirculation following isch emia).
Regional CBF
To study the degree of CBF reduction in the present models of ischemia, regional CBF was assessed autora diographically with iodo[14C]antipyrine at 30 min of ische mia (Sakurada et aI., 1978). Regional CBF was also mea sured in control animals. The techniques were previously reported in detail (Busto et aI., 1984) .
RESULTS

Physiological variables
Ta ble 1 summarizes physiological measurements obtained immediately before death. The data for control animals are those obtained from the "long" controls. The data from the "short" controls (not shown) are not different except for higher Hct (50 ± 1%, mean ± SD; n = 5) and slightly elevated MABP (135 ± 9 mm Hg). Because of the intrave nous infusion of mock CSF in the animals subjected to incomplete ischemia, the degree of decline of Hct was similar at the end of complete and incomplete ischemia. Systemic metabolic acidosis, which often develops in hemorrhagic hypotension, was not en countered in this study. After restoration of cerebral circulation, MABP decreased to 40-50 mm Hg for the first 10 min, but then increased above 80 mm Hg after 30 min of recirculation and exceeded the preischemic level after 1.5 h of recirculation. MABP returned toward the control level after 2 h of recirculation. The postischemic changes in MABP were similar among the animals subjected to incomplete and complete ischemia.
Effect of l-h ischemia on regional levels of metabolites and NADH tissue fluorescence Control values of regional energy metabolites, glycolytic intermediates, and calculated EC, �Ad, and intracellular pH obtained from the "long" con trols are shown in Ta ble 2. There were no regional differences. The data of the "short" controls (not shown) were similar to values in Ta ble 2. The level of NADH tissue fluorescence was very low in con trol brains (Fig. 1) . The bases of the control brains, however, usually exhibited an increase in fluores cence, indicating terminal ischemia caused by the delay in arrival of the freezing front.
Table 3 compares the regional levels of metabo lites at 1 h of incomplete versus complete ischemia. Both types of ischemia caused similar deterioration of tissue energy state. Thus, high-energy phosphate compounds (PCr and AT P) were virtually depleted in all brain regions, and there was an increase in AMP resulting in a drastic fall in EC. �Ad de- Values are mean ± SD. n, number of animals.
creased to 40% of control. Glucose and glycogen were virtuall y depleted after both types of ischemia. One exception to these results is that low levels of high-energy phosphate compounds and glucose re mained in the dorsal thalamus after incomplete ische mia. The difference in ATP, PCr, and glucose, as well as EC, between the two types of ischemia were statistically significant in this anatomic location (p < 0.01). Although the accumulation of lactate was greater after incomplete than after complete ische mia, the difference in the lactate levels was small. Further, brain lactate production was limited in both types of ischemia because the animals had been starved overnight. To tal creatine was unal tered from the control levels with one exception; namely, total creatine in the dorsolateral neocortex after incomplete ischemia exceeded the control level (p < 0.01). The reason for this is unknown. NADH tissue fluorescence after incomplete ische mia was heterogeneous among forebrain structures ( Fig. 1 mained close to control levels in the region of the ventral thalamus, thereby giving rise to an irregular "black hole" on NADH fluorophotographs. In the dorsal thalamus and the dorsal hippocampus, al though the intensity of NADH fluorescence was markedly increased compared with controls, its se verity varied from one brain to another; further more, microheterogeneity was commonly observed within those two regions (four of six rats) (see Fig. O. In general, the topographic appearance of NADH after incomplete ischemia correlated with the degree of derangement of regional energy me tabolism. In contrast, NADH fluorescence after complete ischemia was homogeneously intense throughout the forebrain (Fig. 1) . Correspondingly, the changes in metabolites after complete ischemia were similar among all the regions tested (Table 3) .
Regional CBF during ischemia
Regional CBF values in control animals and in animals with incomplete ischemia are presented in Ta ble 4. The reduction of CBF during incomplete Values are mean ± SD (n = 6) expressed as mmollkg of wet weight. See the text for calculations of �Ad, EC, total creatine, and pH. There are no significant regional differences.
ischemia was not uniform among forebrain struc tures: Regional values (percentage of control) were 3-4% in cerebral neocortex, 8% in dorsal hippo campus, 11% in dorsal thalamus (p < 0. 01 vs. other regions), and 5% in caudate nucleus. Residual CBF in the region of the ventral thalamus with incom plete ischemia was 0.27 ± 0. 07 mllg/min (30% of control). In our model of complete ischemia, zero blood flow was documented.
Effect of I-h recirculation on regional levels of metabolites and NADH tissue fluorescence
The tissue energy state improved considerably after I-h recirculation following incomplete and complete ischemia (Table 5 ). Although IAd re mained low, similar to the degree seen at the end of ischemia, EC rose to 96-99% of control and AT P increased to 30-44% of control levels in the cere bral neocortical regions exposed to either type of ischemia. The results indicate that the remaining pool of adenine nucleotides was rephosphorylated and that energy production and utilization were bal anced. The levels of PCr in cerebral neocortex were above controls after incomplete ischemia (p < 0.01), but in the control range after complete ische- DT, dorsal thalamus. In incom plete ischemia, the fluorescence is increased diffusely in the ce rebral cortex and the caudate nu cleus, and inhomogeneously within the regions of the dorsal hippocampus and the dorsal thal amus; however, it remains close to normal in the region of the ven tral thalamus. In complete ische mia, the fluorescence is uni formly intense throughout the forebrain structures.
mia. The recovery of EC, AT P, and PCr in sub cortical regions (dorsal hippocampus, dorsal thal amus, and caudate nucleus) tended to be less com· plete than that in the neocortical regions after each type of ischemia. This was particularly so in the case of complete ischemia. Glucose returned to the normal range in cerebral neocortex after incomplete and complete ischemia and to 41-74% of normal in subcortical regions. Glycogen increased little; mean levels were 21-38% of control in all regions ex posed to incomplete ischemia and 6-13% of control in all regions after complete ischemia. Lactate de creased but remained above the control levels (p < 0.05) with one exception; namely, the lactate level in the medial cortex after incomplete ischemia was not significantly different from control. Lactate levels tended to be higher after complete than after incomplete ischemia in each region. Because of large standard deviations, however, none of the dif ferences of metabolite levels between the two types of ischemia or between brain regions reached sta tistical significance.
NADH tissue fluorescence after I-h recirculation following incomplete and complete ischemia dimin ished in all regions compared with that observed Values are mean ± SD (n = 6 for each type of ischemia) expressed as mmol/kg of wet weight. 0.12 ± 0.10 11.01 ± 1.15 10.56 ± 0.62 495 during ischemia. Nonetheless, intense fluorescence persisted in a speckled pattern throughout the fore brain (Fig. 2) . The inhomogeneous appearance of NADH fluorescence within each region was con-sistent with the scatter observed in regional metab olite values (Table 5 ). The level of NADH fluores cence in subcortical regions was consistently higher than in neocortex after each type of ischemia. There Values are mean ± SD (n = 6 for control group; n = 4 for incomplete ischemia group) expressed as ml/gl min. In each animal mean regional values were calculated from the values obtained from corresponding sites of the right and the left cerebral hemispheres. Regional differences were assessed by a one-way analysis of variance followed by Dunn's multiple-comparison procedure in the control group as well as in the ischemia group.
aa ' Different from other regions in the same row: ap < 0.05; "'p < 0.01. Values are mean ± SD (n = 4 for each type of ischemia) expressed as mmollkg of wet weight. There are no significant differences between two types of ischemia within the corresponding regions. There are no significant regional differences within each type of ischemia. were no obvious differences in regional intensity of NADH fluorescence between the brains subjected to incomplete and complete ischemia.
Effect of 4-b recirculation on regional levels of metabolites and NADH tissue fluorescence With 4 h of recirculation, differences in the extent of restitution of metabolites after incomplete versus complete ischemia were apparent (Table 6) . After incomplete ischemia, the tissue energy state recov ered more or less evenly in the five sampled re gions. Thus, AT P was resynthesized to 68-72% of control, �Ad increased to 74-77% of control, and EC was reestablished to within 7% below the con trol levels in all regions. These values, however, were still below control levels (p < 0.05). PCr ex ceeded control levels by 33-54% in cerebral neo cortex and caudate nucleus (p < 0.05) and by 8-16% in dorsal hippocampus and dorsal thalamus (nonsignificant). Glucose levels were higher than control in cerebral neocortex (p < 0.01) and were in the control range in subcortical regions. Gly cogen was resynthesized to 66-96% of control, a level that was not significantly different from con-TABLE 6. Regional brain energy metabolites, glycolytic intermediates, total adenylates ('i.Ad) , adenylate energy charge (EC) , and intracellular pH (pH) in animals with 4-h recirculation following 1 h of incomplete and complete cerebral ischemia trol in any region. Lactate returned to normal. To tal creatine pool was maintained at the control level. Intracellular pH shifted in the alkaline direction: Mean pH values were higher than controls in all regions (p < 0.01). The equilibrium constant for the adenylate kinase reaction increased above control (p < 0.05 or 0.01 in neocortex and caudate nucleus, the increase was not significant in dorsal hippo campus and dorsal thalamus). The restitution of tissue energy state in neocor tical regions after complete ischemia was similar to that found after incomplete ischemia; however, the recovery was less extensive in subcortical regions. Thus, the levels of AT P in subcortical regions after complete ischemia were 37-54% of control (p < 0.05 or 0.01 vs. corresponding regions after incom plete ischemia), LAd was 49-61% of control (p < 0.05 or 0.01 vs. corresponding regions after incom plete ischemia), and EC was 9-17% below the con trol level (p < 0.05 or 0.01 vs. dorsal thalamus and caudate nucleus after incomplete ischemia, NS vs. dorsal hippocampus after incomplete ischemia). The levels of PCr in subcortical regions were con sistently lower than those observed after incom plete ischemia, but remained in the control range. Impairment of glycogen resynthesis in subcortical regions (p < 0.01 vs. controls) in the face of glucose accumulation was most likely due to the poor res titution of tissue energy state. Although lactate de creased to levels that were not significantly dif ferent from control in all regions, the lactate level in the dorsal thalamus was higher than that after incomplete ischemia (p < 0.01). To tal creatine re mained at the control levels in cerebral cortex but decreased below control in dorsal thalamus and caudate nucleus (p < 0.05). The levels of total cre atine in these subcortical regions were lower than those after incomplete ischemia (p < 0.01). The cal culated intracellular pH was alkalotic in all regions (p < 0.01 vs. controls), and pH in the dorsal thal amus was higher than that observed after incom plete ischemia (p < 0.05). The equilibrium constant for the adenylate kinase reaction was significantly increased above control levels (p < 0.05 or 0.01) except in the dorsal thalamus.
Tissue NADH fluorescence after 4-h recircula tion following incomplete ischemia was indistin guishable from that of control brains (Fig. 3) . The fluorescence intensity following complete ischemia was slightly higher in cerebral cortex and much greater in subcortical regions compared with the level noted after incomplete ischemia. The differ ence in the intensity of NADH fluorescence be tween neocortical and subcortical regions after complete ischemia was reflected in the extent of restitution of regional metabolites (Table 6 ).
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DISCUSSION
One hour of incomplete as well as complete ce rebral ischemia caused profound perturbations of energy metabolism in all forebrain regions ana lyzed. Aside from higher lactate levels, which may be expected when minimal levels of blood flow per sist during ischemia, metabolite values in most re gions with incomplete ischemia were similar to those with complete ischemia; however, remnants of AT P and PCr were present in the dorsal thalamus with incomplete ischemia. Residual blood flow in this region effectively retarded the decline of high energy phosphate compounds. The inhomogeneous increase of NADH tissue fluorescence within this relatively less ischemic region highlights a technical limitation of our biochemical assays, which provide only an average value in a sampled tissue region suffering variable degrees of ischemia. There is no evidence, however, that the trace of residual energy stores facilitated tissue recovery, inasmuch as post ischemic metabolic recovery was no better in the dorsal thalamus than in other regions exposed to more severe degrees of incomplete ischemia. Deep halothane anesthesia probably decreased the met abolic rate at the onset of both incomplete and com plete ischemia (Brunner et al., 1971) . The magni tude of metabolic changes in complete ischemia is comparable with that reported in the cat and monkey and 1 h of complete ischemia under bar biturate anesthesia (Kleihues et al., 1974 (Kleihues et al., , 1975 . De spite the fact that the ischemic insult had been uni form, postischemic metabolic recovery after com plete ischemia was regionally different. Thus, events occurring during recirculation may have been the primary determinants of the extent of met abolic recovery in the present experiments.
The main finding of this study was that the pres ence of residual CBF during incomplete ischemia, if prevented from engendering a profound accu mulation of lactate in the ischemic brain, aids post ischemic recovery of brain energy metabolism in subcortical regions, but has no obvious effect in neocortical regions. Therefore, intravascular stag nation of blood elements and peroxidative degra dation of tissue constituents due to residual cir culation during ischemia, even if they may have oc curred, do not appear to have adversely affected postischemic events. In spite of the long duration of severe incomplete or complete ischemia, oxida tive phosphorylation in the brain resumed within 1 h of recirculation, while striking microheteroge neity of mitochondrial NAD+ /NADH redox state was evident throughout the forebrain. The early metabolic changes occurring during reflow were re flected in a substantial improvement of EC, a de-crease in lactate accompanied by a supranormal level of pyruvate (Ljunggren et aI., 1974b,c; Klei hues et aI., 1975) , a restoration of glucose, and a diminished NADH fluorescence. Those results sug gest that pyruvate derived from the accumulated lactate by reoxidation serves as an immediate sub strate for subsequent mitochondrial processes and spares the use of glucose (Kogure et aI., 1974) . In contrast, when brain lactate reaches an excessive level during ischemia, EC does not recover during reflow, and this is accompanied by a further in crease in lactate and an accumulation of glucose and pyruvate, indicating grossly impaired aerobic energy production (Rehncrona et aI., 1981) . Ac cordingly, so long as tissue lactic acidosis does not disturb cellular respiration, the postischemic cir culatory state may determine the eventual outcome of the tissue energy state. The poor metabolic re covery found in subcortical regions at 4-h reflow following complete ischemia was characterized by lower levels of ATP, LAd, and EC; a slightly higher level of lactate; and enhanced NADH fluorescence; as compared with both subcortical regions fol lowing incomplete ischemia and neocortical regions following complete ischemia. The pattern of the metabolic derangement is consistent with a lack of supply of energy substrates. Since a similar regional metabolic profile existed earlier, the differential metabolic recovery at 4-h reflow is most likely a consequence of a sustained, regional difference in perfusion throughout the recirculation period. The susceptibility of subcortical areas to reperfusion im pairment following complete ischemia (Ames et aI., 1968; Kagstrom et aI., 1983) supports this conten tion. ischemia. The brain exposed to incomplete ischemia is indistin guishable from controls. Note the enhanced fluorescence in the subcortical reg ions exposed to complete ischemia.
A decrease in total creatine was observed in re gions having the poorest metabolic recovery. This change was first noted during recirculation; ische mia of itself did not alter the size of the total cre atine pool. Uptake of creatine has been shown to be dependent on a transmembrane Na + gradient in brain slices and cultured cells of other tissues, and the process is inhibited by ouabain (Gonda and Quastel, 1962; Daly and Seifter, 1980) . Reperfusion, although thought to have been inadequate for op timal metabolic recovery in these subcortical re gions, may nonetheless have enabled vascular washout of diffusible creatine, causing the decrease in the total creatine pool. A decrease in total cre atine has been recently described in aerobically in cubated hippocampal slices following decapitation ischemia, with the simultaneous development of in tracellular alkalosis (Whittingham et aI., 1984) .
In this study, postischemic alkalosis appeared in all regions, regardless of the type of ischemia and the tissue energy state. However, the equilibrium constant for the adenylate kinase reaction changed after recirculation in most regions. Since the equi librium constants for both the adenylate kinase and the creatine kinase reactions are Mg 2 + dependent (Rose, 1968) , it is conceivable that the constant for the creatine kinase reaction may also have changed in the postischemic period. If so, the calculated pH would not correctly reflect the intracellular acid base status. In the case of the dorsal thalamus, where the equilibrium constants for the adenylate kinase reaction were comparable among the two types of ischemia and in controls, postischemic al kalosis was noted to be more pronounced after complete ischemia than after incomplete ischemia.
The mechanisms and the role of tissue alkalosis during recirculation are unclear at present. It should be pointed out, however, that a marked alkaline shift, such as was found in the dorsal thalamus fol lowing reversible complete ischemia, has been noted in areas of brain that are destined to undergo infarction after experimental cerebral embolism (Kogure et al., 1980) .
